Introduction {#S0001}
============

For bone tissue engineering, the ideal scaffold should have macropores to facilitate bone cell penetration as well as an interconnected microporous structure to facilitate nutrient and gas exchange.[@CIT0001] Moreover, the surface of the scaffold should exhibit nanoscale features similar to those from the natural bone extracellular matrix, thereby enhancing cell adhesion and inducing contact guidance.[@CIT0002] For these reasons, the development of hierarchical nanofibrous scaffold has attracted increasing attention for bone repair.[@CIT0003],[@CIT0004] At present, the fabrication of hierarchical nanofibrous scaffolds has generally been accomplished by embedding porogens in the polymer.[@CIT0005] However, the addition and removal of porogens tend to reduce the thermodynamic properties of the polymeric system and can result in an uneven pore distribution within the scaffold.[@CIT0006] Although great effort has been made to seek alternative porogens or to improve the preparation process, the hierarchical nanofibrous scaffolds prepared by existing method are not perfectly suitable for further biomedical application in view of both structure and function.[@CIT0007] Developing a versatile method for hierarchical nanofibrous scaffold fabrication remains a challenge with significant room for improvement over current methods.

Thermally induced phase separation (TIPS) is a convenient method for the fabrication of porous polymer structures.[@CIT0008]--[@CIT0010] During the TIPS process, thermal energy is leveraged as a latent solvent to induce phase separation. The polymer solution is quenched below the freezing point of the solvent and subsequently freeze-dried to form a porous structure.[@CIT0011] Recent studies have found that interpenetrating nanofibrous structure can be one-pot fabricated by adjusting the temperature of phase separation.[@CIT0012] Further studies have also demonstrated that hierarchical pores could be formed by mixing polymers with different solubility characteristics.[@CIT0013] These preparation processes are simple and do not require a porogen, making it a potential method for the preparation of hierarchical nanofibrous scaffolds.

In addition to hierarchical nanofibrous structure, the mineralization of scaffold has a great influence on its regenerative performance of bone tissue.[@CIT0014],[@CIT0015] Mineralization can increase osteoconductivity and osteoinductivity of the scaffold, thereby enhancing osteogenesis.[@CIT0016] The most frequently used methods for scaffold mineralization are surface coating and encapsulation of apatite particles.[@CIT0017],[@CIT0018] For the mineralization of scaffolds prepared by TIPS, the direct blending of apatite particles into a polymer solution may change its phase separation behavior, thus affecting the pore size and structure of the scaffold.[@CIT0019] The surface coating is, therefore, a relatively better way to support the mineralization of a TIPS-derived scaffold. However, due to the delicate nanofibrous structure of the scaffold, it is important to find a mild, rapid, and controllable surface mineralization method to produce hierarchical nanofibrous scaffolds.

Electrochemical deposition (ED) is one of the most common methods for mineralized coating because of its ease of processing control, the variability of coating compositions, and adaptation to complex implant geometries.[@CIT0020] Although ED has been applied to the mineralization on the surface of various porous materials,[@CIT0015],[@CIT0021] its mineralization in hierarchical nanofibrous scaffolds has rarely been reported. Herein, hydroxyapatite-coated PLLA/PCL hierarchical nanofibrous scaffold was prepared via a one-pot TIPS and ED technique ([Scheme 1](#SCH0001)). The effects of electrodeposition parameters on the morphology and surface composition of mineralized scaffolds were investigated , and the relevant electrochemical parameters were optimized. In vitro cell proliferation and osteogenic induction experiments were used to assess the cytocompatibility and osteogenic activity of the mineralized scaffolds. A rat cranial bone defect model was established to examine bone repair potential of the developed mineralized scaffolds.Scheme 1Hydroxyapatite-coated PLLA/PCL hierarchical nanofibrous scaffold fabricated via a one-pot thermally induced phase separation (TIPS ) and electrochemical deposition (ED) technique.**Abbreviations:** HA, hydroxyapatite; PLLA, poly(l-lactic acid); PCL, poly(ε-caprolactone). 

Material and methods {#S0002}
====================

Materials {#S0002-S2001}
---------

Poly(ε-caprolactone) (PCL) (MW: 80,000) and poly(l-lactic acid (PLLA) (1.93 dL/g of inherent viscosity) were purchased from Daigang Biomaterials, Inc. (Jinan, China). Dulbcco's modified eagle's medium/nutrient mixture F-12 (DMEM/F-12), fetal bovine serum), penicillin, streptomycin, and phosphate-buffered saline (PBS) were obtained from Gibco (Grand Island, USA). The protein quantification (BCA) and alkaline phosphatase (ALP) kits were produced from Beyotime Institute of Biotechnology (Shanghai, China). The kits used in the qPCR experiments were all from the Hieff^TM^ series products from Yeasen biotech Co., Ltd. (Shanghai, China). The primers were designed from the NCBI database and then synthesized by a Sangon Biotech Co., Ltd. (Shanghai, China). The Sprague-Dawley (SD) rats used in this study were purchased from SLAC Laboratory Animal, Co., Ltd. (Shanghai, China). The experimental water was filtered through a Millipore ultrapure water system with a resistivity of 18.2 MΩ-cm. Other laboratory reagents were obtained from Aladdin Chemistry, Co., Ltd. (Shanghai, China) without special notification.

Preparation of the hierarchical PLLA/PCL porous scaffold {#S0002-S2002}
--------------------------------------------------------

The hierarchical PLLA/PCL porous scaffold was prepared by one-pot TIPS. Typically, 1 g PLLA and PCL (mass ratio of 70:30) were weighed and dissolved in 10 mL tetrahydrofuran. The solution was then constantly stirred at 60°C for 3--4 hrs for complete dissolution to produce a transparent solution with a concentration of 10% (w/v). Subsequently, the above solution was quickly introduced into a Teflon mold which had been preheated to 60°C (note that air bubbles should be avoided at this step), and the Teflon mold was placed in an −80°C freezer overnight. The next day, the casted gelatinous polymer was removed from the mold and cut into a 0.2 cm-thick scaffold. The scaffolds were submerged in an ice-cold deionized water bath at 0°C for solvent exchange for 3 days. The water was changed every 2 days. Finally, the prepared scaffolds were removed from the water bath and lyophilized for 24 hrs to obtain the hierarchical PLLA/PCL nanofibrous scaffolds.

Mineralization of the PLLA/PCL porous scaffold {#S0002-S2003}
----------------------------------------------

The mineralization of the PLLA/PCL scaffold was performed in a three-electrode system with a constant voltage. A solution containing 0.025 mol/L of NH~4~H~2~PO~4~ and 0.042 mol/L of Ca(NO~3~)~2~ with a pH of 4.7 was prepared as the electrolyte. Before the mineralization, the PLLA/PCL porous scaffold (15 mm in diameter and 2 mm in thickness) was placed in the ethanol, followed by repeated evacuation to remove residual air from the scaffold. The scaffold was then fixed on a stainless-steel plate that served as the cathode, and the platinum electrode was used as the anode. The saturated calomel electrode was selected as the reference electrode in this experiment. All three electrodes were placed in the prepared electrolyte, and the CHI660D electrochemical station was used for electrodeposition (Shanghai Chenhua Yi Qi Ltd.). During the mineralization process, the temperature was set to 37°C. Voltage and time are adjusted to the assigned values. After deposition, the electrodes were removed from the electrolyte and rinsed with distilled water. The water on the surface of the electrode was wiped away using filter paper. After drying at room temperature, the scaffold was detached from the electrode sheet and placed in a vacuum desiccator prior to the next test.

Characterization {#S0002-S2004}
----------------

The surface topography of the scaffolds was observed by scanning electron microscopy (SEM, JEOL, JSM-6701F) with an acceleration voltage of 10 kV at high vacuum. XRD patterns of the samples were verified by using a D/MAX-2550PC (Rigaku Inc., Japan) diffractometer with Cu K-alpha radiation (*λ*=1.5405 nm) at a 2*θ* ranging from 5° to 65°. The element distribution and abundance on the scaffold surface were analyzed by electron dispersive spectrometry (EDS, JEOL JSM-6701F) in conjunction with SEM. The pore diameter was measured and statistically analyzed based on the SEM images. Typically, 40 pores are randomly selected from SEM images for measurement. Each sample was measured three times, and each measurement was tested by three different persons to avoid subjective errors. The compressive testing of scaffolds was conducted using a universal material tester (H5K-S, Hounsfield, UK) with a 200 N load cell. The samples were resized into cylinders with a diameter of about 5 mm and a height of about 10 mm before testing. A cross-head speed of 1 mm/min was applied. At least six specimens were tested for each sample.

Cell culture and seeding {#S0002-S2005}
------------------------

The rat bone marrow stromal cell (rBMSCs) were isolated according to our previous report.[@CIT0022] rBMSCs on their third passage were used for each of the following experiments. The osteogenic medium for rBMSCs was prepared by mixing the growth medium with 100 nM dexamethasone, 10 mM b-glycerophosphate, and 0.05 mM ascorbic acid. Before the cell culture, all samples were sterilized by epoxyethane. The scaffolds were first fixed in a 24-well cell culture plate with a stainless-steel ring on it. A 400 μL rBMSCs cell suspension (3×10^5^ cells/mL for proliferation test and 1.2×10^6^ cells/mL for adhesion test) was then seeded on each scaffold. Finally, the plate was transferred to an incubator with a humidified atmosphere of 5% CO~2~ at 37°C. Cell culture medium was changed every 2 days.

Cell adhesion and proliferation experiment {#S0002-S2006}
------------------------------------------

The adhesion and proliferation of rBMSCs on the scaffolds were evaluated using a Cell Counting Kit-8 (CCK-8) assay. After a predetermined time of adhesion and proliferation, the cell number could be measured by CCK-8 according to the manufacturer's protocol. The cell adhesion and proliferation on the scaffold were presented as an optical density (OD) value for CCK-8 test. The morphology of rBMSCs grown on the scaffolds was observed via SEM. After 7-day culture, the cells were first fixed with 2.5% glutaraldehyde for 2 hrs. The treated cells were then washed by PBS and then subjected to gradient alcohol dehydration of varying concentrations (30%, 50%, 75%, 80%, 90%, and 100% v/v). The samples were finally freeze-dried for 72 hrs and observed under SEM. The fluorescence of cells on the scaffold was stained by adding 400 μL 600 nM Calcein-AM PBS solution to each well and then incubated for 1 hr. The live cells on the scaffold could be visualized by a Carl Zeiss LSM 700 confocal laser scanning microscope.

Alkaline phosphatase activity and quantitative real-time polymerase chain reaction (qRT-PCR) measurement {#S0002-S2007}
--------------------------------------------------------------------------------------------------------

For ALP detection, rBMSCs differentiated for 7 days and 14 days were washed three times with PBS. Subsequently, the cell lysate (0.2% Triton X-100) was added to the wells, and the cells were then completely lysed by cell sonicator at 4°C. The lysed mixture was centrifuged at 10,000 rpm for 20 mins. The supernatant was collected for quantification of ALP and total protein. The relative ALP activity was normalized to the protein concentration of each sample.

The expression of osteogenic genes was analyzed by quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR, 7500, Applied Biosystems, Foster City, CA). After 3, 7, and 14 days of differentiation, the mRNA of the cells on the scaffold was extracted using RNeasy Mini Kit (Valencia, CA, USA) and then converted to cDNA by Hieff™ First Strand cDNA Synthesis Kit. The expression level of the target gene is quantified by real-time quantitative PCR technology.

The relative expression level of each gene was standardized based on the expression levels of GAPDH and then calculated using the 2^−ΔΔCt^ method.[@CIT0023] Herein, ΔCt values obtained from rBMSCs cultured on PLLA/PCL porous scaffolds in osteogenic medium for 3, 7, and 14 days served as the controls.

In vivo bone defect repairing efficacy {#S0002-S2008}
--------------------------------------

The animal studies were carried out in compliance with the NIH guidelines for the care and use of laboratory animals (NIH Publication, No. 85-23, Rev. 1985) and approved by the ethics committee in animal experimentation of the Research Center for Laboratory Animal of the Ninth People's Hospital affiliated with Shanghai Jiao Tong University, School of Medicine, Shanghai, China. In this experiment, 24 SD rats (8 weeks old) were fed with a standard diet and housed individually under a constant temperature environment (23--25°C) with a relative humidity of 40--70%. Illumination was administered with a fluorescent light for a 12 hrs light/12 hrs dark cycle. During the surgery, the rat was anesthetized by 3--5% isoflurane with a face mask. The anesthetized rat was then shaved and fixed on the operating table. Then, a sagittal incision was made at the midline of the scalp of the rat. The skull was exposed with a blunt scraper in dorsal view. An electric drill was used to make round defects (5 mm in diameter) at low speed in the parietal bone with a continuous flush of pre-cooled saline (4°C). Two sets of prepared scaffolds (the PLLA/PCL scaffold and the mineralized PLLA/PCL scaffold) were implanted in the rat skull defects. Finally, the wound was rinsed with 0.9% saline, and the incision was sutured. The entire procedure was performed in a sterilized fume hood.

Mico-CT scanning and histological analysis {#S0002-S2009}
------------------------------------------

After the scaffolds were implanted in rats for 2, 4, and 12 weeks, the rats were sacrificed by an overdose of anesthetics. Scanning was performed on a dual source CT imaging system (Somatom Definition Flash, Simens, Germany). The 3D image reconstruction was performed using Amira 4.1 (FEI, USA) software. Bone mineral density (BMD) and the bone volume (BV) of the defect sites were calculated in the CT test.

For the histological analysis, the samples were first washed with physiological saline and fixed in 4% formalin for 24 hrs. After that, samples were dehydrated with gradient ethanol solutions (70%, 75%, 80%, 85%, 90%, 95%, and 100% v/v) for 1 hr in each concentration. The sample was then permeated and embedded in poly(methyl methacrylate under vacuum at 4°C for 20 days. Sections of 200 μm-thick were cut along the sagittal plane of the rat skull with a hard tissue microtome and subjected to a matte finish down to a thickness of 80 μm. Hematoxylin and eosin (H&E) and Masson staining were performed to assess the formation of new bone tissue. All of the above sections were observed and imaged under an optical microscope after staining.

Statistical analysis {#S0002-S2010}
--------------------

Statistical analyses of the date were carried out using SPSS 17.0 (SPSS Inc., Chicago, IL). One- or two-way analyses of variance was used to determine statistical significance. The difference was considered significant only if the *p*-value was less than 0.05: \* indicates *p*\<0.05, and \*\* represents *p*\<0.01. All data were shown as the mean value ± standard deviation.

Results and discussion {#S0003}
======================

Morphological observation of the hierarchical PLLA/PCL scaffold {#S0003-S2001}
---------------------------------------------------------------

As shown in [Figure 1A](#F0001){ref-type="fig"}, the PLLA/PCL nanofibrous scaffold fabricated by TIPS resulted in a white cylinder. There are many methods for preparing three-dimensional nanofibrous scaffolds, such as electrospinning and self-assembly.[@CIT0024] The advantage of TIPS over those methods is that it is more suitable for mass production at relatively lower costs and may make the process faster. Moreover, TIPS is very flexible with respect to the final shape of the prepared scaffold by using different molds.Figure 1(**A**) Photo of PLLA/PCL scaffold. (**B**) SEM images of PLLA/PCL scaffold (**C**) a magnified portion of the image (**B**). (**D**) The pore size distribution of the PLLA/PCL scaffold. **Abbreviations:** SEM，scanning electron microscopy；PLLA, poly(l-lactic acid); PCL, poly(ε-caprolactone).

The morphology of the PLLA/PCL scaffold prepared by TIPS is shown in [Figure 1B](#F0001){ref-type="fig"}. All pores were interconnected with nanofibers and showed nanofibrous network in detail ([Figure 1C](#F0001){ref-type="fig"}). The average diameter of the nanofibers measured by ImageJ software was 288.10±94.30 nm ([Figure 1C](#F0001){ref-type="fig"}). Most importantly, the prepared scaffold exhibits a hierarchical pore size distribution on the microscale with a high peak centering at 37.4 μm, as well as a low peak centering at 1.9 μm ([Figure 1D](#F0001){ref-type="fig"}). The size of bone cells ranges from 10 to 50 μm,[@CIT0025],[@CIT0026] indicating that the macropores of the scaffold can well support the penetration of bone cells. The interconnected microporous structures were similar to that in natural bone ECM[@CIT0027] and thus the scaffold would also be highly suitable for cell adhesion and nutrient exchange. The SEM images showed that the prepared PLLA/PCL scaffold had a hierarchical nanofibrous structure, which provides a promising platform for cell growth and new tissue formation.

Effects of mineralization time and voltages on mineralization {#S0003-S2002}
-------------------------------------------------------------

The effects of electrodeposition times and voltages on the PLLA/PCL scaffolds are shown in [Figure 2](#F0002){ref-type="fig"}. The mineralization effect of electrodeposition time on samples was explored by fixing the voltages at 2 V and changing the mineralization time (1, 2, and 3 hrs). The images of the M-PLLA/PCL scaffolds after mineralization at different time points are shown in [Figure 2A](#F0002){ref-type="fig"}--[C](#F0002){ref-type="fig"}. After mineral deposition of the scaffold for 1 hr ([Figure 2A](#F0002){ref-type="fig"}), some crystals were observed at the edge of the scaffold's pores. As the time was extended to 2 hrs, the mineralization began to advance into the interior of the scaffold, and the entire scaffold was covered by deposited minerals ([Figure 2B](#F0002){ref-type="fig"}). When the mineralization time was increased to 3 hrs, the scaffold was completely covered by spherical crystals due to the continuous formation of new crystal nuclei and the explosive growth of crystals. As a result, the inherent bulk structure of the scaffold could not be observed ([Figure 2C](#F0002){ref-type="fig"}).Figure 2(**A**--**C**) SEM images of mineralized PLLA/PCL scaffold at 37°C and 2 V for: (**A**) 1 hr, (**B**) 2 hrs, (**C**) 3 hrs. (**D--F**) SEM images of mineralized PLLA/PCL scaffold at 37°C and 2 hrs for (**A**) 1 V, (**B**) 2 V, (**C**) 3 V. The insets are of magnified images, and the magnification of SEM figures and inlets is uniform. (**G**) Mass increase with different time. (**H**) Mass increase with different voltage. (**I**) XRD patterns of the corresponding mineralized PLLA/PCL scaffold.**Abbreviations:** V, voltage；SEM，scanning electron microscopy；XRD，X-ray diffraction；PLLA, poly(l-lactic acid); PCL, poly(ε-caprolactone).

The voltage also plays an important role during the mineralization of the scaffold.[@CIT0028] The effects of electrodeposition voltage (1 V, 2 V, and 3 V) were investigated at a fixed electrodeposition time of 2 h. [Figure 2D](#F0002){ref-type="fig"}--[F](#F0002){ref-type="fig"} shows the SEM images of the mineralized scaffolds at different voltages. At the lowest voltage (1 V), some mineral particles were visible surrounding the scaffold pores ([Figure 2D](#F0002){ref-type="fig"}). When the voltage was increased to 2 V, the scaffold was evenly coated with deposited crystals ([Figure 2E](#F0002){ref-type="fig"}). As the voltage rose to 3 V, the mineral coating became thicker, and the nanofibrous structure was diminished ([Figure 2F](#F0002){ref-type="fig"}).

[Figure 2G](#F0002){ref-type="fig"} and H shows the mass changes of scaffold after different electrodeposition time and voltage. When the mineralization time was increased from 1 to 3 hrs, the weight of the scaffold increased by 12.90±2.77 and 19.84±3.84, respectively ([Figure 2G](#F0002){ref-type="fig"}). This result indicated that as the deposition time is extended, the mass of mineral crystals on the scaffold is gradually increased. [Figure 2H](#F0002){ref-type="fig"} shows that the increased weight of scaffolds was proportional to the increased voltage. When the mineralization voltage was 1 V, the weight of the scaffold increased by 11.40±7.15%. As the voltage was increased to 2 and 3 V, the mass of the scaffold increased by 17.33±2.68% and 22.97±5.28%, respectively. These results demonstrate that the voltage increase can accelerate the mineralization rate of the scaffold, which is in agreement with our previous report.[@CIT0028]

XRD results further investigated the structural information of the deposited minerals. [Figure 2I](#F0002){ref-type="fig"} shows that the crystal structure was changed with electrodeposition time and the applied voltage. In the 1-hr deposition time, the XRD pattern of the mineralized scaffold exhibited two peaks at a 2*θ* of 11.7° and 31.9°, which represented the diffraction peak of the (020) crystal plane of dicalcium phosphate dihydrate (DCPD, JCPDS card number: 09-0077) and the (211) crystal plane of hydroxyapatite (HA, JCPDS card number: 09-0432), respectively. When the mineralization time was set to 1 hr, the deposited crystals were mainly composed of DCPD and HA. While the mineralization time was extended to 2 and 3 hrs, the diffraction peak of DCPD disappeared, and the diffraction peaks of HA (2*θ*=26° and 31.9°) became prominent. These results indicated that the main component of the deposited crystal was HA when the electrodeposition time exceeded 1 hr.

Similarly, at an applied voltage of 1 V, the XRD pattern of the mineralized scaffold showed a typical diffraction peak at 2*θ* of 11.7°, representing the (020) crystal plane of DCPD (JCPDS card number: 09-0077). When the voltage was increased to 2 and 3 V, the diffraction peaks of HA appeared on the XRD pattern at a 2*θ* of 26.0° and 31.9°, corresponding to the diffraction peaks of the (002) and (211) crystal planes of HA (JCPDS card number: 09-0432), respectively. This suggests that the composition of the mineralized crystal shifted from DCPD to HA along with the applied voltage increase to 2 V.

To investigate the composition distribution of minerals on the M-PLLA/PCL scaffold, the scaffold with 2 hrs electrodeposited time and 2 V voltage was dissected and analyzed by EDS element mapping. The element maps of Ca and P ([Figure S1](#SF0001)) revealed a homogeneous distribution of HA on the scaffold. EDS analysis of the scaffold surface further showed that the Ca/P molar ratio of the deposited crystals was 1.72, which is very close to the ratio in hydroxyapatite (1.67). These results indicated that at a voltage of 2 V and a treatment time of 2 hrs, hydroxyapatite could be uniformly deposited on the scaffold without destroying its pore structure.Figure S1EDS mapping of the cross-section of the M-PLLA/PCL scaffold. (**A**) Ca elemental distribution. (**B**) P elemental distribution. (**C**) C elemental distribution. (**D**) The quantitative analysis of the elements on the scaffold.**Abbreviations:** EDS, electron dispersive spectrometry; PLLA, poly(l-lactic acid); PCL, poly(ε-caprolactone).

Mechanical properties {#S0003-S2003}
---------------------

Mechanical properties are a critical metric to evaluate the performance of prepared scaffold. The compressive mechanical properties of the scaffolds were studied, and the results are shown in [Table S1](#ST0001). The value for ultimate strain in the PLLA/PCL (93.26±4.50) was significantly lower than that in the M-PLLA/PCL (99.75±2.36). Moreover, the compressive modulus of the M-PLLA/PCL is given by 1.134±0.12 MPa, which is significantly larger than that from PLLA/PCL. These results revealed improved mechanical properties after mineralization.

Effect of M-PLLA/PCL scaffold on cell adhesion and proliferation of rBMSCs {#S0003-S2004}
--------------------------------------------------------------------------

The cell adhesion on PLLA/PCL and M-PLLA/PCL scaffolds was studied by CCK tests. As shown in [Figure 3A](#F0003){ref-type="fig"}, after 6 hrs of inoculation, the absorbance of the cells on the M-PLLA/PCL scaffold was 0.35±0.041, while the value on the PLLA/PCL scaffold was 0.28±0.029. For the subsequent 6 hrs, each group showed an increase in cell number, but the absorbance on the M-PLLA/PCL scaffold (0.46±0.063) was significantly higher than that of the PLLA/PCL scaffold (0.36±0.043). This result showed that mineralization can effectively increase the adhesion of cells to the scaffold.Figure 3The rBMSCs adhered (**A**) and proliferated (**B**) on the scaffolds, as detected by CCK-8 test. (**C**) The SEM and (**D**) confocal tomography of the rBMSCs on the M-PLLA/PCL scaffold after 7 days culture.**Abbreviations: **rBMSCs, rat bone marrow stromal cells; CCK-8,  Cell Counting Kit-8；SEM，Scanning electron microscopy；M-PLLA/PCL, hydroxyapatite- coated hierarchical PLLA/PCL nanofibrous scaffold；PLLA, poly(l-lactic acid); PCL, poly(ε-caprolactone).

The proliferation of rBMSCs on the scaffold is shown in [Figure 3B](#F0003){ref-type="fig"}. On day 3, there was no significant difference between the PLLA/PCL (0.28±0.01) and M-PLLA/PCL (0.32±0.02) groups. After 4 days of growth, the CCK-8 assay showed a significantly increased absorbance in the M-PLLA/PCL group (0.49±0.045) compared to the PLLA/PCL group (0.37±0.02). When the culture period was extended to 10 days, the absorbance on the M-PLLA/PCL scaffold reached to 0.72±0.06, which was significantly higher than that in PLLA/PCL (0.51±0.07). This data demonstrated that the mineralization can provide an enhanced proliferative effect on rBMSCs attached on the scaffold.

The SEM images were used to evaluate the cell morphology on the M-PLLA/PCL scaffold after 7 days of cell culture. [Figure 3C](#F0003){ref-type="fig"} shows that after 7 days of culturing, cells adhered to the scaffold and gradually grew toward the inside of the pores. rBMSCs showed a polygonal morphology on the M-PLLA/PCL scaffold. Particularly, cells adhering to the mineralized scaffold showed filopodia, which indicated that rBMSCs on M-PLLA/PCL scaffold were in a good proliferative condition.

Confocal tomography further described the growth state of the cells on the scaffold. As shown in [Figure 3D](#F0003){ref-type="fig"}, the cells exhibited a long elliptical shape on the longitudinal section of the scaffold after 7 days of growth. This indicates that cells on the M-PLLA/PCL scaffold could penetrate the interior along with the constructed pores.

The ability of cells to adhere and proliferate on the scaffold is an important indicator for evaluating the in vivo application potential. At this point, experiments were performed to investigate whether the structure and properties of the scaffold were suitable for cell expansion. We investigated the adhesion and growth of cells in porous scaffolds by various methods. Those results demonstrated that the M-PLLA/PCL could not only promote the adhesion and growth of cells on the surface but also provide pores of appropriate size to facilitate the growth of cells toward the interior, thereby promoting tissue reconstruction and regeneration. Due to these positive findings, the material was deemed a promising bone repair material for subsequent experiments.

Osteogenic activity test {#S0003-S2005}
------------------------

ALP is an important biomarker to indicate early osteogenic differentiation.[@CIT0029] [Figure 4A](#F0004){ref-type="fig"} shows that rBMSCs grown on the mineralized PLLA/PCL scaffold have a higher level of ALP activity than rBMSCs cultured on a blank PLLA/PCL scaffold after 7 and 14 days of culturing. This suggests that mineralization can improve the osteogenic differentiation of BMSCs, which has been confirmed in previous reports.[@CIT0030]Figure 4(**A**) ALP activity at designated time intervals during osteogenic induction; (**B**) relative expressions of Col1A1, OCN, RUNX2, and OPN by rBMSCs induced on different scaffolds for 2 weeks. \**p*\<0.05 and \*\**p*\<0.01.**Abbreviations:** rBMSCs, rat bone marrow stromal cells; PLLA, poly(l-lactic acid); PCL, poly(ε-caprolactone)；M-PLLA/PCL，hydroxyapatite-coated hierarchical PLLA/PCL nanofibrous scaffold.

The progression of osteogenic differentiation depends on the expression changes of various genes. Previous studies have shown that HA modification on the surface of the material can increase the expression of osteogenic-related genes.[@CIT0031] To further investigate the osteogenic activity of the scaffold after electrodeposition, some typical osteogenic-related genes (Runx2, Col1A1, OCN, and OPN) were detected at different time points (3, 7, and 14 days). The result is shown in [Figure 4B](#F0004){ref-type="fig"}. Four marker gene expressions of rBMSCs on M-PLLA/PCL scaffolds were up-regulated compared with that on the PLLA/PCL scaffolds at 7 and 14 days of osteogenic differentiation. Overall, the results indicated that the mineralization of PLLA/PCL scaffold can enhance the osteogenic differentiation of rBMSCs.

Mico-CT scan analysis {#S0003-S2006}
---------------------

Micro-CT scans were used to analyze the repairing effects of the implanted scaffolds on the skull defects. As shown in [Figure 5A](#F0005){ref-type="fig"}, the sagittal image shows no significant difference between PLLA/PCL and M-PLLA/PCL scaffolds after 2 weeks implantation. By 4 weeks, some new bone was formed in the M-PLLA/PCL group, while no significant high-density tissue growth was observed in the PLLA/PCL group. At 12 weeks post-surgery, most of the skull defect area was replenished with regenerated bone in the M-PLLA/PCL group. In contrast, a thin visible layer of new bone was detected in the PLLA/PCL group. Reconstructed 3D images showed a similar trend, where the defect implanted with M-PLLA/PCL group was reduced much quicker than that in the PLLA/PCL group.Figure 5(**A**) Micro-CT evaluation (sagittal views and 3D surface rendering) of in vivo calvarial bone healing at 2, 4, and 12 weeks post-implantation for PLLA/PCL and M-PLLA/PCL. (**B**) The change of bone mineral density (BMD) after the scaffold implantation. (**C**) The change in bone volume (BV) after the scaffold implantation.(\* *p*\<0.05 and \*\* *p*\<0.01)**Abbreviations:** rBMSCs, rat bone marrow stromal cells; PLLA, poly(l-lactic acid); PCL, poly(ε-caprolactone)；M-PLLA/PCL，hydroxyapatite-coated hierarchical PLLA/PCL nanofibrous scaffold.

For quantitative analysis of the micro-CT results, the BMD and the BV of newly formed tissue in each defect at different time intervals were calculated. For BMD analysis ([Figure 5B](#F0005){ref-type="fig"}), the BMD of the M-PLLA/PCL scaffold was 56 mg/cm^3^ at 2 weeks and increased to 252 mg/cm^3^ at 12 weeks, while the value for the PLLA/PCL scaffold increased from 45 to 109 mg/cm^3^. As shown in [Figure 5C](#F0005){ref-type="fig"}, the BV of the M-PLLA/PCL group increased from 14.5% to 66% during the peri-implantation period. The corresponding value of the PLLA/PCL group increased from 13% to 36%. This data reveals that the BMD and BV growth rate of the PLLA/PCL group is significantly slower than that for M-PLLA/PCL group, which is consistent with the Micro-CT images. The Micro-CT results demonstrated the enhanced osteogenic activity of the mineralized scaffold for in vivo bone defect repair.

Histological evaluation {#S0003-S2007}
-----------------------

The regeneration of new bone at the cranial defect was analyzed by H&E and Masson's trichrome staining at 12 weeks after scaffold implantation. H&E staining is a classical pathological analysis method which could clearly identify the structure of cells and tissues. By this staining, the nucleus is stained purple, and the cytoplasm is stained red. As shown in [Figure 6](#F0006){ref-type="fig"}, the cells have completely penetrated and grown into the scaffold after material implantation. In particular, the architecture of the blood vessels (marked with a pentagram) could also be observed from the analysis. These results were consistent with our previous in vitro experiments, confirming that the prepared hierarchical porous scaffold structure facilitates cell growth and tissue regeneration. Additionally, we did not find significant inflammation or necrosis around the scaffold, indicating its good tissue compatibility in vivo. Further analysis revealed that most of the M-PLLA/PCL scaffold had degraded after 12 weeks implantation and was replaced by new bone with a cortical bone structure (marked with triangles). In contrast, the new tissue in PLLA/PCL scaffold was mainly immature osteoid (marked with squares), which was woven in the defect. The arrow marked the remaining scaffold materials in the defect site. It can be seen that the M-PLLA/PCL degraded faster than the PLLA/PCL after 12 weeks of implantation. This might be due to the accelerated growth of tissue on the mineralized scaffold.Figure 6Histological analysis for in vivo calvaria defect repair. The magnification of figures and inlets is uniform.**Abbreviations: **PLLA, poly(l-lactic acid); PCL, poly(ε-caprolactone)；M-PLLA/PCL，hydroxyapatite-coated hierarchical PLLA/PCL nanofibrous scaffold.

Masson's trichrome staining further confirmed the results of H&E staining. In Masson staining, collagen is stained blue, and the density of collagen is positively correlated with depth of the blue coloring. As can be seen from [Figure 6](#F0006){ref-type="fig"}, most tissues in the M-PLLA/PCL implant were stained a deep blue, representing the formation of mature bone tissue (marked with hollow triangles). In PLLA/PCL implants, although there are some blue-stained tissues (marked with hollow squares), their densities are significantly lower than those observed in M-PLLA/PCL implants. Moreover, the collagen structure in the PLLA/PCL group is looser than that in the M-PLLA/PCL group. These results show that the implantation of M-PLLA/PCL scaffold not only promotes the infiltration of cells and tissues but also accelerates the remodeling and maturation of new tissues, thereby promoting the healing of damaged sites.

Hierarchical nanofibrous scaffolds are of great importance in bone regeneration. The preparation of such scaffold with tunable pore size has always been a challenge for both researchers and clinicians.[@CIT0003],[@CIT0004] TIPS was an effective method for preparing nanofiber scaffolds.[@CIT0008]--[@CIT0010] But it is unsatisfactory to fabricate hierarchical nanofibrous scaffolds in terms of a single TIPS system only. Much of earlier research focused on using various porogens to obtain different pore shape and porosity in TIPS-derived scaffold.[@CIT0012] However, these methods are relatively complicated and tend to decrease the stability of the system, making the polymer phase separation uncontrollable. In this study, a biphasic TIPS system (PLLA/PCL) was used to fabricate the hierarchical nanofibrous scaffold. Pores generated by this system were suitable for rBMSCs growth and penetration. Moreover, the electrodeposition was employed to mineralize the scaffold, thus enhancing the osteoconductivity and osteoinductivity of the scaffold. Compared with previous studies,[@CIT0013],[@CIT0019] we combined biphasic TIPS with electrodeposition to develop a fast, convenient, and effective method to fabricate hydroxyapatite incorporated hierarchical nanofibrous scaffolds.

Conclusions {#S0004}
===========

In summary, the mineralized hierarchical PLLA/PCL nanofibrous scaffold was prepared by one-pot TIPS and in situ electrodeposition at room temperature. The physicochemical properties, cell behavior, and osteoinductive potential of the mineralized were systematically investigated. The pore size of the prepared nanofibrous scaffold was hierarchically distributed so as to match the biophysical structure for osteoblast growth. After electrodeposition at 2 V for 2 hrs, the scaffold coated with hydroxyapatite could be obtained. The M-PLLA/PCL scaffold showed better cell proliferation and osteogenesis activity compared to the PLLA/PCL scaffold. Further in vivo bone repair studies indicated that the M-PLLA/PCL scaffold could accelerate defect healing in 12 weeks, while PLLA/PCL scaffold had little effect on decreasing the size of the bone defect. Postoperative histological examination of the cranial bones also indicated the implantation of M-PLLA/PCL scaffolds can promote bone tissue remodeling and integration. These results show that electrodeposited hierarchical PLLA/PCL scaffolds have great potential for bone repair.
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Table S1Mechanical properties of the M-PLLA/PCL and PLLA/PCL (\**p*\<0.05)SamplesCompressive stress (MPa)Ultimate strain (%)Compressive modulus (MPa)PLLA/PCL6.893±2.1393.26±4.500.812±0.12M-PLLA/PCL8.321±2.52**\***99.75±2.361.134±0.22**\***

[^1]: These authors contributed equally to this work
